The component of ground reaction force (GRF) acting perpendicular to the leg in the sagittal plane during human locomotion (acting in a rotary direction) has not been systematically investigated and is not well understood. In this paper, we investigate this rotary component of the GRF of 11 human subjects (mean age + s.d.: 26.6 + 2.9 years) while walking and speed walking on a treadmill, along with eight human subjects (mean age + s.d.: 26.3 + 3.1) running on a treadmill. The GRF on both legs was measured, along with estimates of the subject's mass centre and the centre of pressure of each foot to yield total leg lengths and leg angle. Across all steady walking and running speeds, we find that the rotary component of the GRF has significant magnitude (peak values from 5% to 38% of body weight, from slow walking to moderate running, respectively) and implies leg propulsion of the mass centre in the rotary direction. Furthermore, peak rotary force magnitude over stance increases with locomotion speed for both walking and running ( p , 0.05), and the time-averaged (mean) rotary force shows a slight increase with walking speed (though the mean force trend is uncertain for running). Also, an estimate of average power input from the rotary force of the leg acting at the mass centre shows moderate and strong positive correlation with locomotion speed for running and walking respectively ( p , 0.05). This study also shows that the rotary force acts differently in walking versus running: rotary force is predominantly positive during running, but during walking it exhibits both positive and negative phases with net positive force found over the whole stride.
Introduction
Investigation of the ground reaction forces (GRFs) of legged locomotion provides fundamental information and insights about the mechanics of gait. Traditionally, the GRFs have been resolved and studied with respect to the vertical direction ( perpendicular to the ground), the antero-posterior direction (along with the direction of motion in the sagittal plane) and the medio-lateral direction (in the frontal plane, transverse to the direction of motion and tangent to the ground). This approach allows for the direct analysis of the dynamics of the centre of mass (COM) translations. However, this approach does not yield direct information about how forces relate to the orientation of the leg. A common approach to understand leg function is to calculate the joint moments of the joints connecting the rigid limb segments between the point of contact and the COM, using inverse dynamics. Another approach is to consider overall effective leg forces and functions, based on an effective overall leg length and orientation (e.g. based on the line segment connecting the point of contact and the COM). The latter approach can help bridge a gap between experimental analysis and lower-dimensional theoretical models that are frequently used to study locomotion [1, 2] . Previous investigations into overall effective leg functions in the sagittal plane have found that the GRF acting axially along the leg exhibits spring-like force -length relationships during running [3] [4] [5] , and more recently spring-like relationships have also been observed during walking [1, 6] . However, comparatively little is known about the rotary component of GRF acting perpendicular to the leg in the sagittal plane & 2019 The Author(s) Published by the Royal Society. All rights reserved.
(figure 1). Furthermore, many primary idealized theories of locomotion have neglected this component of leg force altogether [3, 4, [6] [7] [8] . Some potentially related functions of the leg involving joint moments have been studied, like hip moments after toe off for resetting the leg [9, 10] or during stance for trunk stabilization [2, 11, 12] , but such studies are not able to provide direct information about the rotary force component of the leg or how it relates to whole body locomotion behaviour. These studies do provide evidence for the necessity of rotary force.
The current experimental and theoretical work that more directly addresses the rotary component of leg force suggests that the rotary component is likely not negligible and could play a significant functional role in locomotion, but there is currently a need for more experimental work to confirm this notion and to determine the relationships between rotary force and locomotion performance, such as speed and power. Previously, an analysis of running GRF demonstrated that while force vectors have a majority component passing through the whole body mass centre (largely aligned with the leg), they also have significant components perpendicular to the leg [4] . Another study calculated the rotary component of GRF for three self-selected (slow, normal and fast) walking speeds for eight human subjects, and these components were found to be non-negligible [13] . The study then presented linear and nonlinear models to predict the relationship between rotary force and limb angle with respect to vertical, essentially assuming a tunable torsional spring-like function that effectively acts between the vertical reference through the COM and the legs. When used in a bipedal compliant leg model with a torsional spring, improved global stability (measured through the area of the basin of attraction) was predicted at slow walking speeds when compared with the original bipedal compliant leg model [6] . A recent study has presented an analysis of work done by the rotary function of the leg for one speed of walking and running [14] and showed the work done by the rotary component to be significant (approx. 70%) during walking. Multiple recent studies have demonstrated how the component of forces perpendicular to the leg redirects the net force to a virtual pivot point located above the COM to provide inherent stability in upright walking [12, 15] . Other related theoretical studies have been performed, based on effective-stiffness axial leg function models of running and including simple models for generating rotary leg forcing (using simple mathematical forms such as constant torque [5] , constant rotary force [16] , stance phase-determined torque [17] and clock-based torque [18] ). These studies have predicted improvements in stability [5, 19] , disturbance rejection [18] and gait initiation characteristics [16] when rotary leg force is present. This class of models has generally predicted an increase in rotary leg force and energetic cost with increasing locomotion speed, though variance from this trend may also be possible in these models based on changes in other interacting model parameters.
Despite the early results and implications of recent experimental and theoretical studies of locomotion, there is currently not enough experimental evidence to determine confidently the behaviour of the rotary component of leg force over a wide range of speeds and gaits or to test hypotheses of its function. Since existing idealized locomotion theories based on axial-only leg function can provide an explanation for how increased speed is achieved that does not depend on rotary leg force, the significance and functional role of rotary leg force for both walking and running remains uncertain at this time. Furthermore, we currently do not know how rotary leg force might differentiate across walking and running. Finally, it is not currently known whether the rotary component of leg force and corresponding power contributions of rotary leg force acting at the mass centre correlate with locomotion speed and whether this is consistent with an overall propulsive interpretation of rotary leg force function.
To the best of our knowledge, this paper presents the first systematic study of rotary leg force, and corresponding power contributions of the rotary leg force acting at the mass centre, over a wide range of walking and running speeds. In this paper, we experimentally determine and analyse the rotary component of leg force based on the measurement of the GRF as it exists in humans over a range of locomotion speeds and gaits, including walking, running and speed walking (walking at speeds larger than the preferred transition speed (PTS)). We analyse the rotary component of leg force over the stance phase and compare it across speeds and for different types of gaits. We calculate the peak and average values of rotary leg force and determine how these values correlate with locomotion speed. To investigate potential causal relationships of rotary leg force and speed, we also estimate power into the whole-body motion due to the rotary component of leg force acting at the mass centre.
Emerging locomotion theories with a propulsive interpretation of rotary leg force [5, 16, 18] generally predict the presence of non-zero rotary leg force and a positive correlation of rotary leg force with locomotion speed for both walking and running. We test this hypothesis by analysing the experimentally measured relationship of rotary leg force with the average speed of locomotion, for multiple walking and running speeds. Furthermore, to provide more insight into the mechanism potentially underlying a functional relationship of rotary leg force and locomotion speed, we royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190105 also estimate the power input to the COM motion due to the rotary leg force. Overall, the experimental test and analyses presented in this study are based on the net effects of the rotary force over the entire stance. However, this does not necessarily imply that the instantaneous rotary force characteristics will be propulsive over the entire stance period, and so further analysis throughout stance is provided, especially for walking. The role of rotary leg function has been explored in the context of stabilization in recent studies, so we expect to see the rotary force potentially take on propulsive and braking roles during stance, though with a net overall propulsive effect.
We also aim to compare how the characteristics of the rotary leg force differ between walking and running. Since walking involves a controlled-fall phase when the COM is vaulting over the stance leg and the flight leg has not touched down, we expect there to be a controlling or braking action observed during this time, and one that increases with speed. We do not expect to see such characteristics in running. Specifically, running requires a higher degree of propulsion so we do not expect to see braking characteristics in rotary force in the second half of stance. Finally, the previous work involving rotary force along with other models of locomotion mostly assumes a point contact of the foot with the ground, while in reality, the point of contact, i.e. the centre of pressure (COP) is not fixed. We aim to compare how the assumption of a point contact could also impact the assumptions about the magnitude and characteristics of the rotary force in these models.
Methods and procedures

Subjects and procedure
Data from 11 subjects (three females, eight males; age: 26.6 + 2.9 years; height: 172.9 + 5 cm; mass: 68.7 + 12.8 kg) who volunteered to walk and run on a split belt instrumented treadmill (Bertec Corporation, Columbus, OH, USA) were analysed. A subset of this group, presented below, was used for the running analysis: eight subjects (one female, seven males; age: 26.3 + 3.1 years; height: 173.7 + 5.1 cm; mass: 69.3 + 13.9 kg). These subjects were selected as they shared common running speeds (refer to §2.2 for details of the speeds). For running, the largest group of subjects that ran at four common speeds was chosen which was a group of eight subjects, running at 2.4, 2.6, 2.8 and 3 m s
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. The runners were found to be rear foot strikers with the exception of one subject indicating an observable variation from this pattern. All subjects provided informed consent in accordance with the Purdue University Institutional Review Board. Subjects did not report any physical impairment or disability.
Procedure
Each subject's PTS was identified by having the subjects walk starting at 1.2 m s 21 and increasing the speed at increments of 0.1 m s 21 every 15 s to allow the subjects to select a preferred gait. The speed at which the subjects preferred a running gait was recorded as their PTS. The procedure was repeated three times with rest in between until the subjects reported feeling restored. For the experimental trials, a speed was set on the treadmill and the subjects were asked to choose a gait they are comfortable with for that speed. All subjects walked at a speed of 0.5-1.5 m s 21 at increments of 0.25 m s 21 . Past this speed, speeds were incremented at 0.1 m s 21 until the PTS was reached. For running gaits, the speeds set were at increments of 0.2 m s 21 starting from PTS, and a minimum of four trials were captured at these increments. After the running trials, the subjects were asked to maintain a walking speed irrespective of the speed set on the treadmill, until it felt physically impossible to walk at the set speed. The subjects were asked to speed walk at PTS and speeds were incremented by 0.05 m s 21 for each trial until they reached the gait limit speed. Data for each speed were captured as a separate trial. Walking trials were of 30 s duration. Running and speed walking trials were of 20 s duration. Subjects rested between each trial until they felt restored.
Data collection and processing
Three-dimensional GRFs were measured from the instrumented treadmill (Bertec Corporation) and motion data of characteristic landmarks on subjects' pelvis and leg segments were captured using six Vicon T-160 cameras (Oxford Metrics Group, Oxford, UK). The GRF and COP measurements were captured at 1200 Hz and motion capture data at 120 Hz. All data were processed and analysed using MATLAB (Mathworks, Natick, MA, USA). Raw COP and GRF data were used to avoid any artefacts of filtering. Touchdown and lift-off gait events were identified when the vertical GRF was over 50 N forces. A higher cut-off was used because of vibration noise which was particularly notable at higher speeds. All events were visually cross-checked for accuracy, and spurious gait cycles or cross steps that were not in steady state were not analysed.
Computation of centre of pressure trajectory and leg kinematics
The COM trajectory was calculated using the method described in [20] , using a combination of estimates of COM from integration of the GRFs and the kinematic estimate from two markers on the left and right anterior superior iliac spine. An estimate of COM was obtained during initial subject calibration during the phase of quiet standing by averaging the measured COP with respect to the iliac markers in the horizontal plane. The COM trajectory, the GRFs and the COP position for each stance period were interpolated to 100 points for computation of all stance characteristics. The instantaneous leg length (l ) was calculated as the distance between the COM and COP, along with its angle. The instantaneous angular velocity (v l ) was calculated by first-order forward difference on the angles obtained in the previous step. For calculation of forces with a fixed COP approximation, the procedure is repeated for calculating the leg lengths and angles and rotary and axial forces are recalculated based on the endpoint of the leg being a fixed location (described in §3. 4) . If the rotary force demonstrated a negative forcing, primarily after staying positive for a major duration, then the instance of crossing over to the negative values was recorded and the duration in negative force is reported as a percentage of stance time.
Sign convention for the forces
A local coordinate system was attached to the instantaneous point of contact of the foot with ground, i.e. the experimentally observed COP, as shown in figure 1 . A unit vector royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190105 from the COP to the COM defined the direction of positive axial force and a vector from COP and 908 clockwise from this vector defined positive direction for the rotary force. The coordinate system of the force plate assumed positive vertical GRF acting upwards and positive anteroposterior force acting in the direction of motion. The rotary and axial forces were obtained by performing a coordinate transform on measured GRFs using the instantaneous leg angle. As shown, the forces are aligned along the respective positive directions. A positive rotary force has a component of force in the direction of forward locomotion and therefore implies a propulsive effect of the leg on the body.
Resolving forces with respect to the leg provide a different perspective than studying the GRFs with respect to the direction of motion. The latter approach is helpful for directly quantifying the dynamics of the COM in terms of net movement and the external geometry of ground and direction of gravity. But, resolving forces with respect to overall leg geometry can help with quantifying how the whole leg functions and interacts with the body and the ground. This perspective can also provide a natural set of directions for interpreting how force and power are generated and transferred by the leg. For example, in many simplified models of locomotion, an axial leg direction is used along with the assumption of a massless compliant leg to provide an interpretation of leg function and force that acts between the ground and body. Similarly, some models represent active leg force in the rotary direction (with a rotary direction as depicted in figure 4 ) and use hip torque to model the generation of rotary force.
Statistical tests
Linear regression was performed to obtain relationships between locomotion speed and peak force, average force and net power. The slopes of the regression lines were tested for statistical significance at a , 0.05 against a hypothesis of zero slope, i.e. no correlation with speed. Pearson correlation coefficient was used to define the strength of correlation between the locomotion speed and the force and power metrics. Fixed COP estimate measurements were compared with moving COP measurements using a paired t-test.
Results
Rotary force characteristics
For each subject, the rotary and axial force components were calculated from the GRFs. Figure 2 shows the group mean of the sagittal plane GRFs, and the rotary and the axial force components for walking (based on data from all 11 human subjects). Results presented here are for five constant absolute speeds from 0.5 to 1.5 m s
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, as well as the individuals' PTS and maximum walking speeds. Figure 3 shows the group mean of GRF components found during running at four absolute speeds (mentioned in §2.2) and the group average PTS. All forces are normalized with respect to the subject's body weight (BW). Overall, the results in figures 2 and 3 show that the rotary force components are significant and can reach similar peak magnitudes as the horizontal (anteroposterior) GRFs. Walking at moderate and high speeds exhibits rotary forcing that transitions from positive (consistent with propulsion due to rotary force of the leg acting at the mass centre) to negative (consistent with braking at the mass centre) later in stance as shown in figure 2c, though the positive area is notably larger than the negative area for all walking speeds as will be shown in the next section. For running, the rotary force is primarily positive throughout (implying leg propulsion of the mass centre) as shown in figure 3c. Figure 4 represents the direction of GRF in walking to help interpret the function of rotary force. As the COM vaults over the leg past the apex, its velocity (v 1 ) has a component in the downward direction which is being accelerated due to the weight of the body (W ). After the second leg touchdown and close to lift-off of the trailing leg, the velocity of the COM aligns along v 2 . While the leading leg has an axial force component that implies action at the mass centre to reorient its downwards velocity component in an upward direction, the rotary force component of the trailing leg implies action at the mass centre that can decrease its velocity even before the leading leg touches down. The rotary component of the trailing leg acting at the mass centre could effectively help redirect the mass centre velocity going into and through double stance.
Functional interpretation of rotary force in walking
Speed -force relationship
Peak and mean (time average) values for rotary force are shown in figure 5 for several walking and running speeds. Running in general shows higher variability when compared to walking across all measures, as can be seen in figure 5 . Linear functions are found that best predict the basic relationship between rotary force and speed (shown superimposed in figure 5 ). The regression coefficients for these linear fits and the results of corresponding statistical tests ( p-value) and Pearson correlation coefficient (r) are presented in table 1. Linear fits for each subject can be found in appendix A. Walking and running are treated in a consistent manner for the regression analysis. Both walking and running show a positive correlation between gait speed and peak rotary force with high statistical significance ( p , 0.05), but only walking shows a statistically significant correlation of mean rotary force and speed. The nature of the relationship between speed and average rotary force in running is inconclusive. Based on the correlation coefficients, walking shows a strong correlation between peak rotary force and speed, and a weak correlation for the time-averaged force with speed. Running shows a weak correlation between peak and mean rotary force and speed. Correlation strengths are defined as per Evans [21] .
Since rotary force in walking exhibits both positive and negative characteristics, we separately analysed the mean rotary leg force of both the positive and negative phases of walking and its relationship with speed, as shown in figure 6 . Both positive and negative phases of the rotary force show a positive relationship with speed, i.e. they both increase with speed and both show statistical significance with p , 0.05. The corresponding regression coefficients are listed in table 2.
3.3. Power input due to rotary leg force acting at the mass centre
The instantaneous power input P T into the COM movement due to the rotary leg force acting at the COM is estimated here by a dot product of the measured rotary leg force royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190105
vector with the measured COM velocity vector (v), which then reduces to the rotary leg force magnitude F T times the instantaneous component of the COM velocity perpendicular to the leg:
The component of velocity v T can be calculated by differentiating the COM trajectory with respect to time and then taking a dot product of the COM resulting velocity with a unit vector attached to the leg representing the rotary direction. Alternatively, the rotary component of COM velocity v T can also be defined as a product of the angular speed of the whole effective leg (v l ) and the instantaneous effective leg length (l ), i.e.
Therefore, the equation for power becomes:
Here, the power due to the rotary component of leg force acting at the COM is estimated based on the measured rotary component of the leg's GRF, an approximation similar to that presented by Donelan et al. [22] . First, we analyse power for one walking and one running speed, presented in figure 7 . The characteristics of the power closely follow the characteristics of the magnitude of the rotary leg force. The power for walking shows that there is a propulsive phase ( positive power) in the first half of stance and a braking phase (negative power) in the second half of stance, though the positive portion clearly outweighs the negative portion. In running, the power over the whole stance is positive which is consistent with an overall propulsive interpretation of the rotary force of the leg acting at the COM during running. Now, for multiple locomotion speeds, the power and the angular speed of the leg is shown in figures 8 and 9, respectively. Note that for both gaits, the power characteristics are consistent with the interpretation of the rotary force characteristics in §3.1.
Analysis of average power over stance, due to rotary leg force acting at the COM, reveals that the power correlates almost linearly with locomotion speed for both walking and running as shown in figure 10 , with the corresponding coefficients of regression, statistical analysis ( p-value) and Pearson correlation coefficient (r) in table 3. A strong correlation for walking and moderate correlation for running is 
Moving COP compared with fixed centre of pressure estimations
The COP of foot contact during locomotion, moves and is not a fixed point [23, 24] . In theoretical studies of walking, the translation of COP has been shown to improve the prediction of the GRFs observed in humans and reduces the magnitude of forces [25] . Traditionally, several prominent models of locomotion have assumed a fixed ground contact point [1, 3, 6, 11, 16, 17, 26] . To gauge the impact of the location of COP on the calculation of rotary and axial force, we assume that the same GRFs (same horizontal and vertical components) were produced by the subjects but with two different methods of representing foot contact: (a) the actual COP trajectory and (b) assuming a fixed foot COP point, fixed at the actual COP location when the virtual stance leg is vertically oriented. Figure 11 The axial force shows almost no impact from the change in foot COP representation, while the rotary force shows increases in magnitude but maintains a similar shape overall. The results indicate that to achieve the same GRFs, the system would have to produce approximately 45% additional peak rotary force in walking and 60% in running if the COP was not allowed to translate. However, despite the change in the magnitude of the forces, the overall characteristics, such as the shape of the rotary force curve during stance, remain similar. For correlation and statistical analysis results similar to the ones presented in §3.2 of rotary force measures with fixed COP, see appendix A.2.
Discussion
The goal of this study was to identify the characteristics of the rotary component of GRF during walking and running, to analyse how the rotary component of GRF and the power of rotary force acting at the COM changes with locomotion speed and to identify any differences between walking and 
Rotary force in walking
The rotary force in walking exhibits positive and negative phases that correspond to propulsive and braking action on the COM. Analysis of net power reveals an overall net positive ( propulsive) contribution to the system. An increase in steady-state locomotion speeds is accompanied by three notable features:
1. There is an increase in the peak positive rotary force along with an increase in the average positive force as seen in figures 5 and 6, respectively. 2. There is an increase in the peak negative rotary force (figure 6b) coupled with an increase in the percentage of stance in negative (braking) force (figure 2c). The per cent of stance spent in the negative phase increases from less than 5% at a locomotion speed of 0.5 m s 21 to approximately 45% of stance when walking at the higher speed of PTS. 3. A saturation effect is observed in the peak negative force as speed increases (figure 2b). As speed increases from 1.5 m s 21 to PTS and beyond the PTS to the max walking speed, the peak negative force magnitude reaches a maxima and in some cases decreases past PTS. However, a similar saturation is not observed in the power of the rotary force acting at the COM owing to the increased angular speed of the leg at the higher speeds. Neptune [27] observed this saturation effect in the second peak of the vertical GRFs at high-speed walking past PTS and attributed it to a limitation of the ankle plantar flexor muscles to generate forces at higher speed. This suggests that ankle plantar flexion, along with hip moment, might contribute to the rotary component of GRF. Walking requires the COM to vault over the stance leg and fall after which the other leg catches it. Rotary force acting at the COM would affect the acceleration of the COM during this motion as it acts instantaneously in the direction of vault, perpendicular to the leg, as shown in figure 4 . An increase in rotary GRF would imply an increased effort of the stance leg to assist the vault. A negative rotary force implies an action of the stance leg to reduce the speed of the COM mostly along the trajectory of motion. In addition to the effort made on the COM trajectory, the trailing stance leg has to be slowed down enough to reset the leg position for the next step, which requires increasing effort with increasing speed.
Rotary force differences between walking and running
The rotary force characteristics in running imply that the overall effort applied in the rotary direction of the leg in running, and acting at the COM, is propulsive in nature since a component of rotary force is always aligned with the forward direction of motion. Unlike walking, the rotary force in running is entirely positive indicating the force is used for only the task of accelerating the rotation of the leg, assisting in forward motion or to compensate for deceleration due to axial compression along the leg. In comparison, the rotary force acting at the COM during walking works to reduce the downward momentum of the COM before touchdown of the other leg as the direction of motion of the COM has to be changed, while the axial force acting at the COM provides forward propulsion. Existing literature also suggests that rotary force has an important role to play in balancing the whole body in walking [12, 15] and more significantly in grounded running (in birds [28, 29] ). As such, the rotary braking action of the stance leg has multiple roles during walking. One role is to reduce the speed of the COM before touchdown, while the other is to provide whole-body stability by redirecting the GRF to a point above the COM in walking. Both these tasks are figure 2 ) indicate that the forcing effort in both cases is proportional to the speed. Positive and negative rotary force imply leg propulsion and braking respectively. Measures at PTS are reported with squares and at max walking speed with diamonds. Based on this analysis, walking appears to be an inefficient mode of transport for locomotion at higher speeds. Since higher speeds of walking are coupled with larger step lengths, it ensures that the COM will need larger deceleration along the motion trajectory to change the downward direction of the motion into an upward direction. An effort needs to be applied to the COM to slow it, all the while the overall outcome should be a higher locomotion speed. The rotary component of force acting at the COM during running functions in a different way, with a propulsive peak in power in the beginning to oppose a component of gravity, and once the COM transitions to the second half of stance, again a net positive propulsive rotary force acts on the COM. The overall increase in the net rotary force during running is consistent with how the power of rotary force acting on the COM largely assists in the increase of forward speed.
Implications for theoretical models of locomotion
The rotary force is sensitive to the location of the COP as was demonstrated in §3.4. The axial force shows almost no impact from the change in foot COP representation, while the rotary force shows increases in magnitude but maintains a similar shape overall. The results indicate that at the selected speeds, to achieve the same GRFs and hence COM dynamics, the system would have to produce approximately 45% additional peak rotary force in walking and 60% in running if the COP was not allowed to translate. This, in turn, can have significant consequences for the models that might be used to represent walking and running gaits. This is a worthwhile consideration for cost of transport predictions and design of legged robots. However, despite the change in the magnitude of the forces, the overall characteristics, such as the shape of the rotary force curve during stance, remain similar. The nature of the linear correlations (appendix A.2) suggests similar characteristics of linear fits. Another consideration for locomotion models is the nature of rotary force. Currently, a constant torque is used in some models (e.g. [5, 16] ) as the actuation force to represent human running and walking. Considering the overall positive offset and oscillatory character of rotary force during running, using a time-averaged constant rotary force might be a reasonable approximation in some cases. However, a similar assumption for walking could lead to different system dynamics than those observed experimentally. However, for slower speeds of walking, an assumption of a constant rotary force in models might approximate the predominantly positive rotary leg force characteristics observed for those speeds. Such constant rotary force assumptions might produce reasonable predictions for activities like gait initiation and low speed walking. Overall, the nature of the forcing should be taken into account for future work on locomotion models to improve prediction capabilities.
Conclusion
Overall, this study provides new evidence of a non-zero rotary component of leg force (acting perpendicular to the stance leg in the sagittal plane) and implies that, on average, 
